1. Single-unit responses to whisker deflections were studied in the rat somatosensory cortex (SI) under urethan anesthesia.
2. Experiments were concerned primarily with cortical layer V neurons, by selecting those units that 1) displayed initially positive biphasic spikes with an amplitude of at least 2 mV, 2) were located between 1,000 and 1,500 pm below the cortical surface of whisker C3 representation, and 3) responded optimally to either dorsal or ventral deflection of a "center" whisker.
3. Manual stimulation tests showed that 3 1% of the total sample responded to deflections of one whisker only, while the remainder responded to two or more whiskers (up to 14 whiskers). The average of the receptive-field (RF) size thus determined was 3.9 in terms of the number of effective whiskers.
4. Manually assessed directional preference classes, "strong," "weak," and "nondirectional," were corroborated by threshold measurements using a calibrated whisker stimulator.
5. The latency of unit responses to supramaximal deflections of the center whisker in the most preferred direction averaged 10.6 ms, When tested with deflections of 5 ms duration, the velocity threshold (measured at 10 mm from the whisker base) was 23.5 mm/s (or 134.4"/s) on the average, the amplitude threshold was 117 pm (0.68").
6. Analysis of correlations among the four measures, the latency, the threshold, the RF size, and the degree of directional selectivity, revealed that 1) the longer the latency of a neuron was, the higher was its threshold; and 2) neurons with larger RFs tended to show lower thresholds and lesser degree of directional selectivity.
7. Threshold tuning curves were constructed by measuring the amplitude thresholds at different time constants of exponential deflections of a whisker and by plotting them on a log-log graph as a function of the equivalent sine-wave frequency. All tuning curves were negatively sloped, and most of the slopes were between 0 (ideal amplitude detector) and -1 (ideal velocity detector). The highly significant linearity of individual slopes suggested a constant contribution of the amplitude and velocity components of whisker deflection within the range of freqencies tested (0.31-17.8 Hz) in a given neuron. Although the ratio of contribution of the two components was different for different neurons, these neurons, as a population, were more sensitive to the velocity than to the amplitude, as indicated by a mean slope value of -0.78.
INTRODUCTION
The central sensory system of vibrissa projection in rats and some other rodents has become one of the most fascinating themes in the search for correlation of the structure and function in the central nervous system. This is largely because of a unique anatomical feature, the posteromedial barrel subfield (PMBSF) of the somatosensory cortex, in these animals (23, 24) .
An orderly layout of cellular aggregates in cortical layer IV can be seen, in coronal sections, as a row of barrel-shaped modules and it appears in tangential sections as a mosaic of oval patches, each having been demonstrated anatomically and electrophysiologically to represent a whisker on the contralateral snout. The strict "one whisker-to-one barrel" scheme proposed in the original electrophysiological study by Welker (18) has been somewhat modified by subsequent investigators who found some convergence from more than one whisker (1, 5, 13, 14) . However, the discrete nature of each barrel is obvious from the fact that all neurons within a barrel and its extention throughout the cortical thickness respond optimally to deflections of a specific whisker (13, 14) . In no other system of the brain has so far been found such a function-related segregation of neural elements that can be visualized by common histological procedures.
In the present experiments, a quantitative documentation of the response properties was attempted in order to supplement the earlier data on single neurons in the rat vibrissa-barrel cortex. Emphasis was laid on determining which physical aspect of whisker deflection is detected by these neurons. The results can then be compared with those obtained at different levels of the ascending vibrissa system where whisker-related circumscribed loci have also been identified recently (2). The present data will also serve as a base line for comparison with the neuronal response properties of prenatally X-irradiated cortices presented in a companion paper (0
METHODS
The methodology adopted in the experiments reported here was almost identical to that described in an earlier paper (5). Some alterations and additions require comments: I) the use of agar instead of a pressor ring to limit the pulsatory movement of the cortex, 2) stricter criteria for unit selection, 3) stimulus threshold determination, and 4) long-sustained deflection of a whisker with an exponential time course.
Preparation and recording
Albino rats of the Wistar strain (Wistar King A) were used at the age of 3-4 mo. The present data are based on 56 rats of either sex. They were anesthetized with urethan (initially 1 g/kg ip and supplemented as required) and the whiskers on the side contralateral to cortical recording were cut to 10 mm. Since the approximate location of the cortical vibrissa field was known from the previous experiments, the hole in the skull was made as small as possible and just large enough for the dura mater to be cut away or reflected aside without inconvenience. Determination of the center of the vibrissa field was done by recording surfaceevoked responses to quick deflections of whisker C3. After removal of the dura a glass-pipette microelectrode (1 M potassium acetate saturated with methyl blue) was introduced into the cortex. The opening in the skull was then sealed with warm agar.
Short-pulse stimulation
The tip of a whisker (usually whisker C3) was inserted into the inkhole of a recorder pen mounted on a galvanometer. This stimulator was fixed in a position that allowed the probe movement in a dorsal (upward) or ventral (downward) direction only. A quick deflection of the probe was obtained by feeding a short electric pulse of 1 ms duration. The amplitude of whisker displacement (measured at 10 mm from the whisker base) was controlled over a range from 0 to 500 pm by changing the intensity of the driving pulse. Since the duration of excursion of the tip (the time to reach the maximum amplitude) was 5 ms regardless of the pulse amplitude, the velocity of deflection was also changed conjointly from 0 to 100 mm/s, keeping a relation of velocity (mm/s) = 0.2 X amplitude (pm).
The latency of unit response was defined as the time interval between the onset of the electric pulse and the positive peak of an action potential in response to a standard whisker deflection with a velocity of 100 mm/s (500 pm in terms of amplitude), a value that was supramaximal to most of the responsive cells. The threshold in this report refers to a magnitude of stimulus that evoked an impulse in half of the stimulus trials presented. This measure will be termed the velocity threshold, although the amplitude component of this stimulus was not negligible, as will be demonstrated later.
Long-sustained stimulation with an exponential ramp onset
The above-mentioned threshold is a combined velocity/amplitude threshold, but does not tell which component (velocity or amplitude) is effective for eliciting a response at threshold. The usual way of distinguishing these two components is to repeat stimulus trials by changing the amplitude at different velocities or changing the velocity at different amplitudes. A problem arising in this method is how to cope with the inertia of a galvanometer, which makes it difficult to obtain a small deflection with a rapid rise time.
Probe deflections with an exponential time course were found to be easily controllable as well as practical for studying the interaction between velocity and amplitude required for spike initiation in cortical vibrissa neurons. A long-square pulse (1 s duration) was delivered from a con-ventional electronic stimulator to the galvanometer via a DC power amplifier. Owing to the inertia of the galvanometer, the deflection of the probe had an exponential time course with a time constant of 9 ms. The time constant was further varied by introducing different bypass capacitors between the stimulator and the power amplifier. The final amplitude of deflection was calibrated under a microscope, and the time course was monitored "off-line" by placing the probe between a lens-end bulb and a phototransistor.
After having confirmed the linearity between the photosensor potential and the calibrated deflection amplitude, time constants were measured on a series of cathode-ray oscilloscope (CRO) photographs. The galvanometer included an auxiliary coil that signaled the second derivative of rotation (angular acceleration).
The current generated in this coil was identical regardless of whether the probe was loaded with a vibrissa or not, thus assuring the validity of the calibrated parameters for actual displacement of whiskers.
The time course of the probe displacement with an exponential onset can be expressed by
where A is the final amplitude in micrometers, r is the time constant, and D is the amount of deflection in micrometers at time t after the start of deflection. The first-order derivative of equation
and expresses the velocity at time L The initial velocity II~ can be obtained by substituting 0 for t, and thus
If a neuron is purely velocity sensitive, the following will hold between the final amplitude (A) of threshold exponential stimuli and 7
A/r = k k is a constant. Hence
A log-log plot of threshold amplitude (on ordinate) versus I/? (on abscissa) will have a slope of -1. If a neuron is signaling the stimulus amplitude only, A is constant regardless of l/r and the threshold curve will assume a line parallel to the abscissa, the slope being 0.
Further, by using the relation f = '/2m (6) the abscissa can be scaled in terms of log J, and the log-log pIot is now comparable to those threshold tuning curves that have been obtained by using sinusoidal stimuli at different f's (frequency in hertz) (3, 15) . The criterion of determining the threshold was again a spike discharged in a 50%-50% fashion over trials.
Criteria for unit selection
The criteria for unit selection is: I) initially positive, biphasic spike potentials with an amplitude of 2 mV or higher; 2) the depth of recording between 1,000 and 1,500 pm below the pial surface, as read on the micromanipulator; and 3) the most preferred stimulus movement in either dorsal or ventral direction, as determined manually for the center whisker (see below). Each of the above criteria was met by every neuron included in this study. The first two criteria were adopted to increase the probability of recording layer V pyramidal neurons (5, 9). The last criterion was due to the technical limitation mentioned earlier.
Histology
The brains of eight rats were subjected to tangential sectioning of the vibrissa cortex and stained with thionin. The histological result of these brains has been described previously (5). The remainder were used for practicing the succinic acid dehydrogenase (SUH) histochemistry of the vibrissa barrels according to Killackey and Belford (7). Figure 1 depicts vibrissa barrels as revealed by SDH histochemistry.
Dye marks made at recording loci were always found to be situated deeper than such barrels.
RESULTS

Hand-held probe examination and its quantitative basis
When a single unit was isolated, individual whiskers were stroked and deflected in different directions by a hand-held probe. As has previously been reported, many units responded to movements of more than one whisker. However, in a majority of instances it was not difficult to locate a whisker that activated the neuron maximally by listening to spike discharges in the audio monitor. Such a whisker was referred to as the center of the receptive field and it was usually whisker C3. The directional preference for the center whisker was then also tested manually, and those neurons were eliminated from the present sample that were clearly more sensitive to deflections in a direction other than dorsal or ventral. In total, 98 units were collected from the 56 rats.
In 54 cells the number of whiskers that were effective in eliciting spike discharges was determined. The RF size ranged from 1 to 14 (whiskers) with a mean of 3.9 of: 3.1 (SD). During the course of the study the impression was obtained that the shape of the RF was elongated along the rows of whiskers (see also Refs. 11-13). However, there was only a minimal difference between the averaged values of the length (as determined by the number of effective whiskers in the dominant row) and the width (the number of rows included in the RF) of the RF (2.09 -t 1.06 versus 1.91 f 0.88, n = 53, P > 0.3). Of the 54 neurons, 17 (3 1%) responded to one whisker only, whereas the remaining neurons were multiple-whisker units (69%).
DIRECTIONALITY.
After the most preferred direction of a given neuron was noted as dorsal or ventral, the center whisker was deflected in the opposite direction (ventral or dorsal) to test if this direction was effective at all. The degree of directional selectivity was thus rated strong (++), weak (+), and nondirectional (-) on a qualitative basis. Strongly direction-selective neurons were not sensitive to the opposite direction at all; weakly direction-selective neurons responded to deflections of the whisker in the opposite direction but less strongly than in the preferred direction; neurons responding equally well to both directions were classed as nondirectional cells. Of 45 neurons examined in this way the numbers of ++, +, and -units were 6, 20. and 19, respectively. These numbers are not to be taken as representing the ratio of populations of directional versus nondirectional units in the vibrissa cortex, since direction-sensitive units were certainly underestimated by specifying the particular directions (dorsal and ventral) for inclusion in the sample A question arose as to whether the manually determined directionality classes could be accounted for by any quantitative measures. In 44 of the 45 neurons the center whisker was stimulated by calibrated deflections in the dorsal and ventral directions, and comparisons of the threshold and la-NORMAL VIBRISSA CORTEX NEURONS 709 tency were made between the two directions. Figure 2 indicates that the division of neurons into three directionality classes was in good agreement with the result of threshold measurements;
while most of the -neurons had similar thresholds for both directions, the + neurons tended to lie below the 45" line in conformity with the expectation that they whould show a lower threshold for the preferred direction than for the opposite. Furthermore, five of the six ++ neurons were insensitive to whisker deflections in the opposite direction within the available range of stimulus magnitude (up to 100 mm/s or 500 pm). A comparable plot of latency values between the two directions is presented in Fig. 3 . The reliability of manually assessed directionality classes was reflected also in this measure in that I) the response latency of the + neurons measured for preferred direction was equal to or shorter than that for the opposite, and 2) the ++ neurons 
2.
Comparison of velocity thresholds in opposite directions.
-, +, and ++ neurons are represented by open circles, crosses, and filled circles, respectively. In plotting the -neurons, the direction (dorsal or ventral) in which the shorter latency was obtained was arbitrarily the "preferred" direction (ordinate) and the other direction (of longer latency) was "nonpreferred" (abscissa). Only if the two latency values (for two opposing directions)
were the same, the threshold value was considered in choosing the axes; the direction of the lower threshold on the preferred axis, and vice versa. There were only one -neuron in which the higher threshold value was associated with the shorter latency (as indi- that did not respond to whisker deflections in the opposite direction could not be brought into activation by this controlled stimulation either (excepting one case as indicated by a filled circle above the 45" line). However, there was a considerable overlap between the -and + groups in this diagram. Probably the difference in the threshold rather than that in the latency can better be detected during manual examination of neuronal responsiveness.
Parameters quantitatively measured in most preferred direction
Once a neuron was noted as showing the maximal sensitivity either in the dorsal or ventral direction, it was a routine to determine the response latency and the threshold in that direction (for the center whisker of the neuron). The latency measurements were done in 92 of the total sample of 98 units and an averaged value of 10.6 t 3.4 (SD) ms was obtained. The threshold was measured in 94 neurons and ranged from 1 to 100 mm/s with a mean of 23.5 $-28,6 (SD) mm/s. Since whisker deflections were completed in 5 ms, this means velocity threshold corresponded to 117.3 pm in terms of amplitude threshold. From arc tangents of these values over a whisker length of 10 mm, the mean angular velocity threshold and angular threshold were calculated at 134.4"/s and 0.68 O, respectively. The above consideration was based on the assumption that the whiskers behaved as rigid rods during deflections. In fact, with the amplitudes of deflections presently used, no visible bending of the whisker was observed.
Correlation of parameters
Spearman's nonparametric correlation coefficients were calculated between the latency, the threshold, the RF size, and the degree of directional selectivity. Available numbers of neurons were different for different combinations of measures because each test could not be applied to each neuron. However, none of the mean values of latency, threshold, or RF size in different combinations was significantly different from the respective overall mean: for example, 91 neurons for which both the latency and threshold were measured yielded a mean latency value of 10.6 ms; 52 neurons in which both the latency and RF size were detesmined showed a mean latency value of 10.3
ms; 44 neurons were tested for both the latency and the degree of directional preference and the averaged latency was 10.4 ms; but none of these was significantly different from 10.6 ms, the overall mean latency for the 92 neurons. Accordingly, the correlation coefficients and the significance levels computed could be regarded as entirely comparable to each other. Among the pairs of measures, the most significant correlation was found between the latency and the threshold (rS = 0.50, II = 9 1, P < 0.00 1; Table 1 and Fig. 4) . The threshold and the RF size were inversely correlated (rS = -0.37, sz = 5 1, P < 0.01; Table 1 ). Figure 5 revealed that the negative correlation was due to the absence of neurons with a high threshold (> 10 mm/s) and a large RF (> seven whiskers). The RF size was in turn inversely correlated with the degree of directionality ( rs = -0.37, II = 45, P < 0.02; Table 1 ). The negative correlation could be ascribed to a small number of highly direction-selective neruons that responded to deflections of only one or two whiskers (Fig. 6) . In order to test the significance of the overall correlation among the four parameters by means of an analysis of variance, parametric correlation coefficients were also calculated, but there were only 44 neurons in which all four measures were made. To roughly normalize the range of measures, latency was expressed in milliseconds, threshold in 10 g log Th (Th in millimeters per second), RF size in the number of whiskers, and strong, weak, and nondirectionality were given the scores of 20, 10, and 0, respectively. Table 2 shows Pearson's r in con- formity with Spearman's r,. Taking the latency as a dependent variable, the multiple correlation coefficient R was 0.65 and significant at P < 0.001 (2 = 1.14, nl = 3, yE2 E 40) .
Tuning curve slope
In Fig. 7 are shown data from four neurons in which the final amplitudes of threshold exponential stimuli applied to the center whisker were determined at nine steps of T over a range of 9-520 ms (corresponding to a frequency range between 0.3 1 and 17.8 Hz). The slopes were obtained by fitting in 24 neurons and their slopes are illustrated in Fig. 8 . The slope ranged from -0.17 to -2.15, the mean was -0.78, and the median -0.69. The regression line was significant at P < 0.001 for 13 neurons, P < 0.01 for 7 neurons, P < 0.02 for 2 neurons, and P c 0.05 for 1 neuron. Most of the regression lines (18 of 24 neurons) had slopes between 0 and -1 and their linearity was highly significant, suggesting a constant contribution of the velocity and amplitude components for a given neuron, with varying degrees of dominance of one component over the other among different neurons.
In six neurons similar tests were also made for the opposite direction (dotted lines in Fig.  7 ). When compared with the data points for the most preferred direction (solid lines), the slope was always steeper and the threshold was higher at every T tested. Of four neurons presented in this diagram, one (upper left) was a -neuron and the remainder were + neurons. The center whisker was deflected and data points were obtained for the most preferred (solid lines) and for the opposite (dotted lines) directions. The -neuron on the upper left responded equally well to quick deflections of the center whisker* whether it was moved in a dorsal or a ventral direction.
However, long-sustained exponential stimulations revealed a clear separation between the tuning curves for the two opposite directions, particularly at lower frequencies (to the left of the abscissa).
In the present study of the rat vibrissa cortex, recordings were limited primarily to neurons in layer V responding to inputs from the whisker C3. These neurons are situated directly below layer IV where the unique anatomical feature, called barrels, exists and where the present interest stems from, and the concept of cortical columnar organization predicts that the RF center of a given layer V cell is most closely associated with a whisker that is represented by the overlying barrel.
Some earlier authors (1 I-13) had an impression that whiskers belonging to a common row tended to share multiwhisker neurons in the trigeminal nucleus and in the cortex, although convergence from other rows was also possible. In many photomicrographs of tangential sections of the vibrissa barrel field it appears that the septa separating the rows are more distinct than the septa within the row (5, 7, 8, 19, 20, 25) . Measurements of the horizontal and ventral axes of RFs for 53 neurons, however, revealed a minimal difference between the two measures and provides no support for this idea in the cortex. A decision on this issue must be reserved for future experiments.
Under moderate-to-deep anesthesia, firstorder neurons of the rat vibrissa system responded to deflections of only one whisker without exception (26). In comparable studies on second-order neurons in the trigeminal nucleus, more than two-thirds of the sample were single-whisker units ( 10, 12) . Similarly most of the third-order neurons in the tha- Simons (13), in cortical layer IV of unanesthetized rats, obtained a percentage of 85% for single-whisker neurons. In contrast to these findings at subcortical levels and the input stage in the cortex, only one-third (3 1%) of the present sample collected under urethan was associated with a single whisker, This ratio is close to 36% obtained in Simons' population of cortical layers V and VI. Although the anesthetic effect should not be overlooked, the percentage of singlewhisker neurons is definitely smaller in cortical layer V than at any other levels of the trigeminal system. Moreover, the presence of neurons that receive inputs from more than 10 whiskers implies a great deal of integration of signals by extensive convergence of thalamocortical afferents and/or elaborate intracortical neuronal networks. The two main parametric measures in the present study, the latency and threshold, were obtained by deflections of a neuron's center whisker in the most preferred direction The reliability of manually defined direction-selectivity classes as demonstrated in Figs. 2 and 3 also ensures that the initial determination of the most preferred direction was made properly. In the present sample of units any direction could be the most preferred direction and there were no particular directions that were preferred. Shipley (12) stressed that while a great majority of tonic-type neurons in the trigeminal nucleus preferred whisker deflections in either a caudodorsal or a rostroventral direction, phasic-type neurons did not necessarily do so. This rule seems to hold also in the cortex, since such preference was noticed in a study (13) where tonic-type as well as phasic-type neurons were described but not in studies ( 17, 18) in which only phasic responses were observed. As regards the proportion of direction-sensitive neurons in the total sample, the strongly and weakly direction-selective neurons occupied 58%, a value that was similar to that reported for first-order afferents from rat vibrissa (5 1%; Ref. 26) . This appears to be in sharp contrast to the situation reported by Whitsel et al. (22) for moving cutaneous stimuli in monkeys; a substantial portion of neurons in cortical layers III and V responded preferentially to a cutaneous stimulus moving in a specific direction, but first-order afferents did not show any direction specificity.
In certain special cases of hairs like vibrissae where primary afferents themselves are direction selective, it would be interesting to look for a more complex directional feature that can only be detected by cortical neurons.
The range of velocity thresholds measured in this study was I-100 mm/s at 10 mm from the whisker base or 5.7-573"/s in terms of angular velocity. This is entirely in line with Simons' (13) results in the rat vibrissa cortex. It appears that there is a gradual increase in the velocity threshold in going from the periphery to the cortex; e.g., 1 mm/s for 60% of trigeminal ganglion neurons (26), l-28 mm/s for trigeminal nuclei neurons (12), and l-40 mm/s for thalamic ventrobasal neurons (17). This trend implies a wider range of velocity threshold and thus a great variability of functional types of neurons rather than an overall decrease in sensitivity in higher centers.
High-threshold (> 10 mm/s) neurons in the present sample were associated with small RFs while low-threshold (5 10 mm/s) neurons could have large as well as small RFs (Fig. 5) . Since there was a negative correlation between the RF size on one hand and the threshold and the degree of directional selectivity on the other (Figs. 5 and 6, Table l), one might expect that there would be a positive correlation between the threshold and the degree of directionality, so that high-threshold neurons with a small RF would show a high degree of directional preference. On the contrary, these neurons (especially high-threshold single-whisker neurons) tended to be less direction selective than low-threshold single-whisker neurons (not shown). This type of neuron has also been described by Schultz et al. ( 11) and by Simons (13) as forming a distinct group of units in the vibrissa cortex of cats and rats, This unexpected negative correlation between the threshold and the degree of directionality among single-whisker neurons was effectively counterbalanced by an expected positive correlation between the two measures among multiple-whisker neurons, and rs was thus insignificant.
The plot of amplitude threshold using whisker deflections -with exponential onset at different T'S can be viewed as a frequencycharacteristic curve for each vibrissa cortical neuron. A negative slope means that the cell is more sensitive to whisker deflections at higher frequencies. Available frequencies were limited to a range from about 0.3 to 18 Hz but covered the range of repetition frequency (5-11 Hz) of spontaneously occurring whisking behavior (21). Simons' ( 13) frequency-response curves for regular spikes in layer V were flat from about 2 to almost 20 Hz. However, the two studies cannot be compared directly, since he measured
